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Analyzing the constituents of meteorites has played an important role in forming the 
contemporary theories of solar system evolution, planets formation, and stellar evolution. 
Meteorites are often a complex mixture of common rock forming silicates, such as olivines and 
pyroxenes, with a range of exotic species including hydrated silicates, and in some cases organic 
compounds. 
We used Micro-Raman spectroscopy to analyze the compositions of three carbonaceous 
chondrites: NWA852, Murchison and Allende. Raman spectra were measured using laser 
sources with different excitation wavelengths: HeNe 633 nm and Nd:YAG 532 nm. We were 
able to detect 9 minerals in NWA852, 3 minerals in Murchison and 4 minerals in Allende. Some 
of these minerals like pyrite in NWA852 and magnetite in NWA852 and Murchison provide 
evidence for potential previous organic life. Other minerals like ringwoodite in Allende and 
lizardite in NWA852 reveal information about previous astrophysical and geological events 
experienced by the meteorites. The detection of graphite in the Murchison and Allende reveals 
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CHAPTER 1:  INTRODUCTION 
Meteorites are the only tangible materials that have witnessed the birth of the solar 
system and can be studied in labs. The study of meteorites is an interdisciplinary field that 
requires deep understanding of geology, physics, and chemistry. Upon examining meteoritic 
samples using various structurally sensitive techniques, such as Micro-Raman spectroscopy, we 
aim to learn more about the history of meteorites. An improved understanding of meteorites can 
also help us solve the puzzling mysteries of the formative processes of the solar system itself. In 
the following sections, we will describe the techniques used to study our meteoritic samples, give 
a brief theoretical overview of the physics behind these techniques, and introduce the meteoritic 
samples we are using for our research. 
1.1 Meteorite samples – Carbonaceous Chondrites 
 The samples we are investigating belong to a group of meteorites called carbonaceous 
chondrites. The word chondrite is derived from the Greek word chondros, which means grain.1 
These meteorites are called chondrites because they have numerous small rounded inclusions 
called chondrules (Figure 1-1). As their name indicates, carbonaceous chondrites are a type of 




Figure 1 - 1 The Allende meteorite we have in our lab is an example of carbonaceous chondrites. The 
chondrules are easily seen in its matrix. 
 
Carbonacous chondrites are classified according to their primary and secondary 
properties. The primary classification (CI, CM, CR, CO, CV, CK) refers to the chemistry and 
mineralogy of the meteorites. The secondary classification (1, 2, 3, 4, 5, 6) refers to petrographic 
type which indicates the extent and type of alteration the meteorite has undergone in its parent 




Figure 1 - 2 Diagram illustrating the classification of carbonacous chondrites 
 
There are two reasons for why we are interested in these meteorites: 
1. Chondrites, and especially carbonaceous chondrites, are the only surviving witnesses of 
the formation of the solar system. Thus, learning more about their history and their 
constituents is invaluable for aiming to solve the fragmented puzzle of the ancient history 
of the solar system. 
2. Since they bear carbon in their constituents, which is the main block of life organisms, 
they are good candidates for our search for extraterrestrial life forms. In fact, many 
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researches and studies have confirmed the presence of several amino acids in Murchison3 
and Allende4. 
In this thesis, we are studying samples from the following three carbonaceous chondrites: 
NWA852, Murchison, and Allende. 
- NWA852 (CR2): belongs to the CR2 group which has recently been shown to have 
several organic compounds5 and it has not been studied as extensively as other 
carbonaceous chondrites. 
- Murchison (CM2): is one of the most studied meteorites because of its richness in 
organic compounds as well as amino acids.  
- Allende (CV3): is the largest carbonaceous chondrite found on Earth and is rich of 
organic compounds.  
1.2 Theoretical Background 
 Since we are depending mainly on optical techniques for our research, we are going to 
give a brief introductions to some important theories behind these techniques.  
When light interacts with materials, it is either absorbed, transmitted or scattered by 
reflection6. There are two types of light scattering: elastic scattering and inelastic scattering. 
Elastic scattering is when the energy of the scattered light 𝐸𝑓 equals the energy of the incident 
light𝐸𝑖. This is also called Rayleigh scattering named after the British physicist Lord Rayleigh. 
Inelastic scattering, on the other hand, is when the energy of the scattered light 𝐸𝑓 does not 
equal the energy of the incident light𝐸𝑖.  
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When 𝐸𝑖 is less than𝐸𝑓, the final state of the molecule 𝜓𝑓 becomes higher than the initial 
state 𝜓𝑖 to conserve energy and is called Anti-Stoke shift. Similarly, when 𝐸𝑖 is higher than𝐸𝑓, 
the final state of the molecule 𝜓𝑓 becomes less than the initial state 𝜓𝑖  to conserve energy and is 
called Stoke shift. This shift of energy due to these two inelastic scatterings is the definition of 
Raman scattering or Raman shift. 
 
Figure 1 - 3 An illustration of Rayleigh scattering, Anti-Stoke shift and Stoke shift. 
 
 The energy of a photon is proportional to its frequency and inversely proportional to its 
wavelength according to the Planck-Einstein relation: 






where h is Planck constant, 𝑓 is the photon frequency, and 𝜆 is the wavelength. Thus, and for 
practical purposes, we usually look at the final and initial wavelengths or frequencies of light 
rather than its energies. 
To calculate the Raman shift from the difference of the incident and scattering energies, 








where ∆?̅? is Raman shift, λ𝑖  is the incident wavelength and λ𝑓  is the Raman scattering 
wavelength. Raman shifts are usually expressed in wavenumber with unit cm-1 and wavelengths 
are usually expressed in nm. Thus, the above equation is usually multiplied by 107 to give the 
answer in the desired unit cm-1. 
 Theoretically, there are two ways to treat Raman scatterings: the classical approach and 
the quantum approach.  
The classical approach treats the molecules of the sample as a system of multiple atoms 
undergoing simple harmonic oscillation due to their interactions with photons. Using this 
approach, the vibrational frequency can be easily calculated using the famous classical mass-
spring equation 






Where 𝜇 is the reduced mass of the vibrating atoms and 𝑘 is the spring constant, which varies 
depending on the molecule and the bond.  
To calculate the energy of the scattering light we need to look deep into the electrical 
dynamics of the system. When a photon hits a molecule, it induces an electric dipole moment 𝑃 
that can be calculated using the equation: 
𝑃 = 𝛼𝐸 
where 𝐸 is the electric field of the incident light and 𝛼 is the polarizability tensor of the material 
which is related to how easily a molecule can be deformed.  
 This dipole moment then induces the scattering light which is the Raman scattering. 
Calculating the electric field of the scattering light is very complicated and is beyond the scope 
of this thesis. What we are interested in is the energy of the scattered light which is determined 
by the Poyntig vector. When averaging it in time over a complete cycle and integrating it over a 






where 𝜇0 is the vacuum permeability constant, 𝜔 is the frequency of the light wave, 𝑝 is the 
magnitude of the dipole moment, and  𝑐 is the speed of light. 
 Because Raman scatterings are hard to induce using regular light sources, we use lasers. 
To calculate the intensity of the Raman scattering due to laser excitation, we use the following 
equation which treats the intensity as a function of the jth mode of the laser light frequency: 
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𝐼 = 𝑝(𝜔0 ± 𝜔𝑗)
4𝛼𝑗𝑄𝑗 
where 𝑝 is the magnitude of the dipole moment, 𝛼𝑗 is the polarizability of the mode, and𝑄𝑗 is the 
deformation displacement of the mode. 
The disadvantage of the classical approach is that it does not recognize the quantization 
of vibrational energy.  
The quantum approach, on the other hand, treats the radiation field quantum-
mechanically by taking into account the quantization of vibrational energy8. This enables us to 
calculate the vibrational frequency using the equation of the quantized energies that is derived 







where 𝐸𝑛 is the quantized energy of the molecule at state 𝑛 and ħ is Planck constant divided by 
2𝜋. 
 To calculate the energy of the scattering radiation, we can ignore the spatial variation in 
the field, since 𝜆 ≫ 𝑑𝑎𝑡𝑜𝑚, and expose the atom to a sinusoidal electric field  
𝐸 = 𝐸0cos (𝜔𝑡)?̂? 
When the field hits the electron in the atom, perturbation will occur, and the perturbing 
Hamiltonian is: 
𝐻′ = −𝑒𝐸0cos (𝜔𝑡) 
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where 𝑒 is the charge of the electron. Applying the mathematics of time-dependent perturbation 
theory yields to9: 
𝐻′𝑏𝑎 = −𝜉𝐸0 cos(𝜔𝑡)   
 𝜉 = 𝑞 < 𝜓𝑏|𝑧|𝜓𝑎 > 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐 𝑑𝑖𝑝𝑜𝑙𝑒 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  










)ħ𝜔 , then the power radiated is 𝐴𝐸 = 𝐴(𝑛 +
1
2
)ħ𝜔. Averaging over a full cycle, then, 





which is also proportional to the fourth power of frequency 𝜔4.  
1.3 Experimental Approach 
Understanding the experimental approach we took for our research is crucial to relate to 
the significance of the results. We are going to give a brief introduction on the apparatus and 
software used to execute the experiments along with an explanation of the experimental setup. 
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1.3.1 Apparatus and Software Setup 
 
 
Figure 1 - 4 An illustration of the scattered Raman rays which are induced by the interaction of a laser 
beam with different vibrational modes of the chemical compounds of the studied sample. The use of a 
microscope along with the spectrometer enables us to take the Raman spectra down to the micron scale. 
 
The sample is fixed on the stage of the microscope and is focused using the 50x 
objective. For our experiments, we used two different laser sources: HeNe 633 nm laser source 
and Nd:YAG (neodymium-doped yttrium aluminum garnet) 532 nm laser source. The excitation 
source is directed through a series of mirrors and beam splitters until it hits the sample. Our 
spectrometer is also integrated with an optical microscope. Once the laser beam hits the sample, 
the scatterings which include Raman scatterings (Stoke and Anti-Stoke) along with Rayleigh 
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scatterings are directed through a series of mirrors and lenses with precise angles to focus them 
into the spectrometer which separates Rayleigh scattering from Raman scattering.  
Since Raman scattering is five to ten orders of magnitude weaker than Rayleigh 
scattering, CCD detector with single photon sensibility is needed to identify them. The CCD 
should be as cold as possible to reduce dark counts. In our experiments, we set the temperature to 
-70°C. The CCD then converts the scattering into electrical signal which is then digitalized and 
WinSpec software controls the data acquisition system. 
The use of microscopy along with spectroscopy is crucial for our research as it enables us 
to acquire Raman spectra of microscopic samples and analyze very small sample areas down to 
the micron scale. This enables us to work with microscale amount of sample and look at grain to 
grain variation. Figure 1-3 shows the integration of the optical microscope with the spectrometer.     
1.3.2 Experimental Setup 
We collected 5 grains from each of the 3 carbonaceous chondrites samples, which gives a 
total of 15 grains. To prevent contamination and to keep the grains in a safe place for further 
analysis, we manufactured an aluminum slide with 24 holes with 0.8 mm diameter and 0.5 mm 
depth (Figure 1-5). There are 4 columns, each with 6 holes. The first 5 rows of the first 3 holes 




Figure 1 - 5 Sampling assembly holding a meteorite grain. The well diameter is 800 microns. 
 
We then took the measured Raman spectra of the samples using two different laser 
sources: HeNe 633 nm and Nd:YAG 532 nm. The frequency of the spectra ranges from 0 to 
5000 cm-1 covering the low frequency region, fingerprint region and high frequency region. 
The Raman bands of the samples were compared with the Raman bands of different 
minerals we obtained from the online database RRUFF.info. Section 2.1 explains in details the 
approach we took in selecting and collecting the Raman spectra these minerals. 
Our aim is to detect as many minerals as possible in the meteoritic samples to learn more 
about their physical history and micro-scale structure which can help us learn more about the 
solar system evolution, planets formation, and stellar evolution. We are also interested in finding 





CHAPTER 2: OVERVIEW 
 We are going to explain the approach we took in selecting the minerals to study and the 
reference we used to collect the minerals spectra. We will then discuss some important features 
and regions of Raman spectra.  
2.1 Reference materials 
 In order to identify the presence of specific minerals in the meteoritic samples, we were 
faced by two challenges: 
1. What minerals should we look for?  
Narrowing our focus on a specific set of minerals was crucial to set up effective experiments. 
Thus, we focused on the minerals that are typically found in meteorites which were listed in a 
scientific paper by Alan Rubin E10. In his paper, Dr. Alan Rubin listed approximately 275 
mineral species that have been identified in meteorites. These minerals reflect diverse redox 
environments, and, in some cases, unusual nebular formation conditions. Because we are dealing 
with carbonaceous chondrites, we focused on carbonates, oxides, sulfates, silicates and 
phyllosilicates.  
2. How to collect the Raman spectra of these minerals? 
Now that we narrowed our focus to a specific set of minerals, our next challenge was to 
collect the Raman spectra of these reference minerals and compare them with the Raman spectra 
of our meteorite samples in the lab. Buying these reference minerals and run them in our lab was 
impractical, time-consuming, costly, and most importantly redundant as most of these minerals 
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have already been run using Micro-Raman spectroscopy. Thus, we used the online integrated 
database of Raman spectra RRUFF.info 11 
The meteoritic minerals mentioned in Rubin paper and we were able to find in RRUFF.info 
are listed below with a brief comment on the significance of their presence in meteorites. 
Group List of Minerals Comments12 
Phyllosilicates 
chamosite, clinoclore, clintonite, 
margarite, amesite, antigorite, 
berthierine, chrysotile, cronstedtite, 
lizardite, montmorillonite, 
nontronite, talc, vermiculite 
Phyllosilicates are hydrated 
minerals produced by aqueous 
alteration. Their existence 
indicates that the meteorite has 
undergone aqueous alteration. 
Carbonates and 
Sulfates 
anhydrite, epsomite, gypsum, 
magnetite, calcite, dolomite 
These minerals are also products 




akermanite, albite, anorthite, 
chromite, enstatite, cristobalite, 
hercynite, hibonite, gehlenite, 
nepheline, perovskite, ringwoodite 
These minerals only form at high 
temperatures ranges from around 
500K to 1800K. Thus, their 
existence indicates that the 




diamond, graphite, corundum 
These minerals existed in the 
interstellar gas before the 





pentlandite, pyrrhotite, troilite 
These minerals indicate that the 
meteorite has undergone alteration 




magnetite, marcasite, pyrite, 
pyrrhotie, 
These minerals indicate that the 
meteorite has undergone 
hydrothermal conditions. These 
minerals can be biogenic, i.e. form 
from biological activity. 
 
Table 1 List of potential minerals in meteoritic materials, the groups they belong to, and a brief comment 
on their significance. 
The frequency of the Raman spectra from RRUFF are between 0 to 1500 cm-1. Thus, for 
consistency and comparison purposes, we focused on that region when comparing the spectra of 
the meteorites with the minerals spectra. 
2.2 Raman spectra features 
 The Raman spectrum has many features that need to be known in order to understand the 
significance of the results.  
1. Raman bands are the most important feature we look at when examining the Raman 
spectra. Stokes scattering bands are usually stronger than anti-Stokes scattering bands 
(Figure2-1). 
2. Frequency is the x-axis of the Raman spectra and it is a measure of the energy at which 
the bands occurred (Figure 2-1).  
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3. Intensity is the y-axis of the Raman spectra, and it is related to relative amount of the 
number of molecules and cross section contributing to the studied sample (Figure 2-1). 
 
Figure 2 - 1 illustrates Raman bands, frequency and intensity. 
 
4. Fluorescence occurs when the excited electron makes one or more transitions to energy 
states that have energies less than the energy of the initially excited state and greater than 
the energy of the ground state.13 Fluorescence usually mask the Raman bands either 




Figure 2 - 2 Illustration of the Raman namds superimposed on a fluorescence background. 
 
 One of the reasons why we used different laser sources with different excitation 
wavelengths was to shift the fluorescence to different regions so we can see the Raman bands 
that were masked by fluorescence before the shift. For example, the Raman spectra of Allende at 
633 nm laser source had strong fluorescence background in the fingerprint and C-H frequency 
regions which made it very hard to see any Raman bands. However, when we used the 532 nm 
laser source, the fluorescence shifted to different region and we were able to see several Raman 




Figure 2 - 3 Effect of different excitation wavelengths on fluorescence. 
 
5. Resolution: With Raman spectra, different resolutions can be acquired by changing the 
diffraction grating of the spectrometer grooves/mm. When using 100 grooves/mm 
grating, we get a low resolution spectrum that convers 7000 wavenumbers with a spectral 
resolution ~ 15 cm-1. On the other hand, high resolution spectrum can be acquired using 
600 grooves/mm which covers 1600 wavenumbers at a spectral resolution ~ 2 cm-1. For 
our research, we used both gratings to reconfirm our findings. Figure 2-4 shows an 




Figure 2 - 4 Raman spectra of the same spot from NWA852, one with low resolution (15 cm-1) and the 
other with high resolution (2 cm-1) 
 
As shown in Figure 2-4, the same bands show at low resolution and show at high 
resolution, and the position of the Raman bands may be shifted a little bit. For example, at low 
resolution, we have 3 Raman bands at 326, 667, 1004 cm-1. On the other hand, at high resolution, 
the middle band doublet is resolved and hence we have 4 Raman bands at 335, 659, 678 and 
1004 cm-1. The positions may be exactly the same like the last band or shifted like the first beam 




2.3 Raman spectra regions: 
The Raman spectrum is divided into several regions. The fingerprint region and the C-H 
region are important when it comes to searching for potential organic compounds: 
 
Figure 2 - 5 illustrates the fingerprint region and the C-H region on the Raman spectrum. The spectrum 
was taken from Allende at 532 nm excitation wavelength. 
. 
1. The fingerprint region corresponds to the 1200 to 1600 cm-1 region. Because many 
organic compounds have abundant bands in this region, finding bands in this region 
makes the spectra a good candidate for bearing organic compounds (Figure 2-5). 
2.  The C-H region corresponds to the 2800 to 3200 cm-1 region. It is also an important 




CHAPTER 3: RESULTS AND DISCUSSIONS 
 In this chapter, we will present our results and discuss their significances. In general, the 
Raman spectra acquired by HeNe 633 nm and Nd:YAG 532 nm showed variations between 
different meteorites. Figure 3-1 shows the spectra and variations. 
 
Figure 3 - 1 Raman spectra of meteorites measured with excitation wavelengths of 633 nm and 532 nm 
 
3.1. NWA852  




Figure 3 - 2 Raman spectra of NWA852 measured with excitation wavelengths of 633 nm and 532 nm 
 
 The Raman bands of the Raman spectra acquired by Nd:YAG 532 nm laser were 
superimposed on a strong fluorescence background. On the other hand, the Raman bands 
of the Raman spectra acquired by HeNe 633 nm were strong and distinctive. In fact these 
were the most distinctive and strong Raman spectra among all the other spectra from the 
three meteorites. 
 There were variations between the Raman spectra of different grains.  
 There were also variations between different spots on a single grain which reconfirm the 
inhomogeneity of this meteorite.  
 Theses variations confirm that the content of NWA852 is inhomogeneous. 
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3.1.1 Minerals detected in NWA852 
After comparing the Raman spectra of NWA852 with the Raman spectra of the minerals 
from RRUFF, we were able to detect the presence of the following minerals because their bands 
match the bands of some of the Raman spectra of NWA852. Figures 3-2 shows the Raman 
spectra from different NWA852 spots along with the Raman spectra of detected minerals and 
Table 3-1 lists the minerals detected in NWA852 along with their peaks and the peaks of 




Figure 3 - 3 Raman spectra of minerals detected in NWA852 compared with those of minerals 
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415, 494, 621, 671, 
1008, 1135 




229, 384, 466, 619, 
687 
237, 392, 474, 619, 
671 
  
Magnetite 780nm 293, 657 297, 659   
Cristobalite 532nm 229, 416, 781, 1075 231, 410, 794, 1085   
Chromite 780nm 515, 685, 731   519, 675, 732 
Enstatite 785nm 
236, 339, 401, 439, 
662-682, 860, 941, 
1008 
243, 345, 404, NA, 
670-687, 861, 949, 
1020 
241, 334, 393, NA, 
NA-675, NA, 940, 
1011 
Olivine 633nm 238, 292, 814, 840 231, 297, 823, 850 NA, NA, 823, 845 
Diamond 785nm 1333 1328  
Marcasite 785nm 324, 368  334, 393 
Pyrite 785nm 344, 380 339, 398 334, 393 
 
Table 2 Peaks of minerals detected in NWA852. The underlined numbers correspond to the strong peaks. 
 
3.1.2 Discussion 
 Each one of the detected minerals reveals different information about the meteorite, such 
as its history, morphology and microstructure. In this section, we will discuss the significance of 
each mineral: 
3.1.2.1 Magnetite Fe3O4 
Magnetite is a commonly occurring iron oxide and is the most magnetic mineral on 
Earth. It belongs to the Phyllosilicates group which result from aqueous alteration. To our 
26 
 
knowledge, we were the first to detect magnetite in NWA852. Its presence is an evidence that 
this meteorite has undergone aqueous alteration. Magnetite can be formed inorganically and 
organically, and its presence in meteorites may indicate previous existence of life forms.  
In 1996 David McKay et al14 published a paper that caused a lot of debates between 
scientists about the possibility of extraterrestrial life, especially in Mars. The paper argues that 
the detection of the mineral magnetite, along with other materials, in the Martian meteorite 
ALH84001 serves as a plausible evidence for the existence of life on Mars.  
According to McKay et al, magnetite can be formed by either inorganic or organic 
processes. Simultaneous inorganic formation of magnetite requires reducing conditions at high 
pH, but carbonates are usually stable at high pH and require low pH to convert into magnetite 
inorganically. Yet, magnetite in ALH84001 do not appear to have undergone any corrosion or 
dissolution which occurs in acidic environment.  
In addition, magnetite particles in the Martian meteorite were found to be similar to 
terrestrial magnetite particles known as magnetosomes which compose the membranous 
prokaryotic structures of magnetotactic bacteria. 
These two facts provide a strong case against the inorganic formation of magnetite and 
makes organic formation more plausible. These findings were both supported15 and criticized16 
by several studies and no decisive conclusion has been agreed on yet.  
 Further studies are needed in order to determine whether the magnetite we found in 
NWA852 was formed organically or inorganically. However, the fact that NWA852 contains 
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minerals that are products of aqueous alteration (like Gypsum and Lizardite) along with the fact 
that NWA852 is a carbonaceous chondrite make NWA852 a descent candidate for looking for 
extraterrestrial life forms. 
3.1.2.2 Gypsum CaSO4·2H2O 
 Gypsum is a sulfate mineral and belongs to the Phyllosilicates group which result from 
aqueous alteration. It occurs at temperature 25−150C. What distinguishes it from its other 
polymorphs is the existence of water molecules. When heated, it loses its water molecules and 
converts into anhydrite. 17 
We detected Gypsum Raman bands in different spots of NWA852, but were unable to 
detect Anhydrite Raman bands. This confirms that the temperature of the parent body from 
which the meteorite came from did not exceed 150C after the formation of Gypsum. 
3.1.2.3 Lizardite Mg3Si2O5(OH)4 
Lizardite is perhaps the most common serpentine mineral. It belongs to the 
Phyllosilicates group which form from aqueous alteration. We found Lizardite in NWA852 and 
Murchison using Raman spectroscopy. Its presence is an evidence that the meteorites have 
undergone aqueous alteration in their past. 
In 1994, an experiment was conducted by Akai et al 18 at Niigata University to compare 
the endurance of terrestrial Lizardite and Phyllosilicates in Murchison to shock effects. In their 
experiment, terrestrial Lizardite samples and Murchison Phyllosilicates samples were subject to 
different pressures and impact velocities. According to the study, Phyllosilicates shocked at  32 
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GPa and  1.44 km/s became absence and were changed to a nearly amorphous (glass) state, but 
retain their crystalline when shocked at  23 GPa and  1.08 km/s. 
Since we were able to detect Lizardite in NWA852 and Murchison, and were not able to 
detect amorphous (glass) substances, we can conclude that NWA852 and Murchison did not 
experience significance pressures and impacts. 
3.1.2.4 Pyrite FeS2 
Pyrite is the most common of the sulfide minerals and is usually found in sedimentary 
rocks. What makes this mineral interesting is the fact that under reducing environmental 
conditions, this mineral replaces fossils as pseudomorphs. 
The most common pyrite texture is framboidal pyrite which are spherical clusters of 
submicron to micron-sized pyrite crystals densely packed together (Wilkin & Barnes, 1997)19.  
A recent study by NASA/Marshall Space Flight Center considered the presence of 
framboidal pyrite as one of the evidence of microfossils similar to Cyanobacteria in Alais, Ivuna, 
and Orgueil CI1 carbonaceous meteorites20. Using Field Emission Scanning Electron 
Microscopy (FESEM) and other measures, the study concluded that these microfossils are 
indigenous to the meteorite and are not a result of terrestrial contamination. 
Like magnetite, pyrite can be formed organically and inorganically. Natural organic 
pyrite framboids are usually formed organically at typical sedimentary environments with 
temperature ~ 25 C21. On the other hand, synthetic inorganic framboidal pyrite only form at 
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elevated temperature ranges from 60–85 °C (Sweeney & Kaplan, 1973)22 to 150–350 °C 
(Graham & Ohmoto, 1994)23. 
3.1.2.5 Enstatite MgSiO3 
Enstatite is high-temperature mineral. A paper by Yang et al24 studied the effect of 
temperature on enstatite by exposing the mineral at 296, 900, 1200, 1360 and 1400 K. The study 
concluded that the highest temperature enstatite can endure before experiencing phase transition 
is 1360K. The presence of enstatite in NWA852 then confirms that these meteorites were not 
exposed to temperatures above 1360K. 
3.1.2.6 Chromite Fe2+Cr2O4 
Chromite is the most common spinel mineral which forms at high temperature. 
According to a paper by Johnson et al25, the presence of both chromite and olivine in chondrites 
(CM, CO, CV, CR, H, L, LL) of petrographic types ≤ 3 have iron-magnesium partitioning 
characteristic of phases which crystallized from silicate melts at temperatures >1400°C. 
NWA852 is the only meteorite in which both olivine and chromite were observed in our 
research. In light of Johnson’s study and the fact that we also found enstatite, which cannot 
endure temperature > 1360K, we can conclude that chromite and olivine have always existed as 
solids and did not melt during the history of NWA852.  
3.1.2.7 Cristobalite SiO2 
Cristobalite is a high-temperature mineral that usually occurs in chondrules. A paper by 
Benzerara et al26 studied cristobalite inclusions in the Tatahouine achondrite. The study 
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concluded that the presence of both cristobalite and chromite indicates shock effects in the 
meteorite.  
In light of this study, we can conclude that NWA852 has experienced shock events. 
However, since extreme high-pressure and high-temperature minerals like ringwoodite were 
absent, and the fact that we have already concluded that the meteorite has not experienced 
temperature > 1360K, we can conclude that these shock events were relatively mild in intensity. 
Further studies are needed to predict the intensity of these violent events. 
3.1.2.8 Olivine 
 Olivine is one of the most common minerals in meteorites. It’s a high-temperature 
mineral and it usually occurs as a solid solution of magnesium and iron silicates (Mg+2, 
Fe+2)2SiO4. The magnesium-rich olivine is called frosterite and the iron-rich olivine is called 
fayalite. According to Greshake et al27, when meteoritic phyllosilicates are heated to temperature 
greater than 800 °C, they transform into olivine and pyroxene. We can thus conclude that 
NWA852 must have been exposed to temperature greater than 800 °C. But since we detected 
enstatite and established that it cannot be found at temperature above 1360 °C, we conclude that 
NWA852 was exposed to temperature that ranges between 800 °C to 1360 °C. 
3.1.2.9 Diamond 
Several research papers that studied the chemistry of diamond in chondrites have 
established that the presence of diamond, graphite suggest that carbonaceous chondrites were 





Because of the high degree of fluorescence in the Raman spectra of Murchison acquired 
by excitation from a HeNe laser at 633 nm, the bands were very hard to discern. Only the spectra 
collected from the first grain have noticeable Raman bands. However, the situation was better for 
the Raman spectra acquite by Nd:YAG 532 nm although fluorescence was still present in 
different spectra. After analyzing the Raman spectra, several features were noticed: 
 
Figure 3 - 4 Raman spectra of Murchison measured with excitation wavelengths of 633 nm and 532 nm 
 
 There were variations between the Raman spectra acquired with a Nd:YAG 532 nm laser 
and those acquired with a HeNe 633 nm. Unlike NWA852, most of the Raman measured 
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acquired with 633 nm excitation were masked by strong fluorescence. The two spectra 
found in Fig 3-2 were exceptions.  
 Although less than NWA852, we still noticed some variation between the Raman spectra 
of different grains.  
 There were also variations between different spots on one grain. 
 Theses variations confirm that the content of Murchison is inhomogeneous. 
3.2.1 Minerals detected in Murchison 
After comparing the Raman spectra of Murchison with the Raman spectra of the potential 
minerals from RRUFF, we were able to detect the presence of the following minerals because 
their bands match the bands of some of the Raman spectra of Murchison. Figures 3-4 shows the 
Raman spectra from different Murchison spots along with the Raman spectra of detected 
minerals. Table 3-2 lists the minerals detected in Murchison along with their peak positions and 




Figure 3 - 5Raman spectra of minerals detected in Murchison compared with those of minerals  
 





Magnetite 780nm 293, 657  326, 683 
Enstatite 785nm 
236, 339, 401, 439, 
662-682, 860, 941, 
1008 
 
240, 340, 393, NA, 
NA-675, NA, 940, 
1009 
Graphite 1350, 1582 1349, 1593 1343, 1589 
Diamond 785nm 1333 1328 1343 
 





We were able to confirm the presence of four minerals which reveal a lot of information 
about the history of Murchison. We have already discussed the significance of Enstatite, 
Diamond and Magnetite in section 3.1.2. Graphite is an interesting material because it is a 
modification of carbon and can reveal a wealth of information about the history and 
microstructure of the meteorite and can even shed a light into the possibility of previous organic 
activity in the meteorite. We will discuss its significance extensively in this section. 
3.2.2.1 Graphite and Modifications of Carbon in Murchison 
Our Raman spectra of Murchison in the fingerprint region show bands attributed to 
carbon compounds. These bands are located at ~ 1350 cm-1 and ~ 1600 cm-1.  
Intensive studies on the Raman spectra of carbon materials have established that two 
prominent Raman bands always exist: The D band at ~ 1350 cm-1 and the G band at ~ 1580 cm-
1.  According to a paper by Dresselhaus et al. (2010)29; The G-band results from the stretching of 
the C-C bond in graphitic materials and is common to all sp2 carbon systems, and the D-band 
results from disorders in sp2-hybridized carbon systems. Figure 2-19 shows some of our Raman 




Figure 2 - 6 The D and G peaks in Murchison. 
 
 In a recent study by Wopenka B. et al. (2013)30, the Raman spectra of Murchison grains 
and their respective morphology and density fraction were studied extensively and compared to 
the Raman spectra of different carbon compounds. In their publication, Murchison grains are 
classified into three groups based on their appearance: “cauliflowers”, “onions” and 
“cauliflower–onions.” The Murchison grains are then divided into another three groups based on 
their density fraction: low density fraction KFA1, medium density fraction KFB1 and high 
density fraction KFC1. To analyze the Raman spectra, Wopenka et al. groped the spectra based 
on their D/G ratio: “graphite” (D/G < 0.5), “disordered graphite” (0.5 < D/G < 1.1), “glassy 
carbon” (D/G > 1.1) and “unusual sp2-bonded graphitic carbon.” 
The study concluded that “[g]rains from the low-density fraction KFA1 (2.05–2.10 g/cm3) 
have predominantly “cauliflower” morphology and Raman spectra characteristic of either very 
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disordered graphite or “glassy carbon” (i.e., the latter is amorphous from the Raman 
spectroscopic perspective), whereas most grains from the high-density fraction KFC1 (2.15–2.20 
g/cm3) have “onion” morphology and Raman spectra characteristic of well-crystalline graphite. 
The KFB1 grains with intermediate density (2.10–2.15 g/cm3) are mixed, both in terms of their 
morphology and their Raman spectra but are closer to KFC1 than to KFA1 grains.” 
 Based on the study, Figure 2-7 shows that our Murchison spectra have two different D/G 
ratios:  
- D/G > 1.1, or “glassy carbon,” which means that they most-likely have low density 
fraction and “cauliflowers” morphology. 
- Most of our Murchison spectra have 0.5 < D/G < 1.1, or “disoriented graphite,” which 
means they are mixed in terms of density fraction and morphology. 
 




We will learn more about our samples when we measure Raman spectra using different 
excitation wavelength to reduce the effect of fluorescence. We will also take microscopic images 






The Raman spectra of Allende acquired by HeNe 633 nm laser suffered from the highest 
degree of fluorescence among the other sample. Only a couple of spectra had low fluorescence 
background. Like Murchison, the fluorescence background was decreased when the Raman 
spectra were acquired using Nd:YAG 532 nm laser. The following features were noticed in the 
Raman spectra of Allende: 
 




 The variations of Raman bands between different grains and spots were the least in 
Allende among the other meteorites, which confirms that Allende is more homogenous 
than the other two meteorites.  
 There were distinctive 3 consecutive peaks in the C-H regions. 
3.3.1 Minerals detected in Allende 
After comparing the Raman spectra of Allende with the Raman spectra of the potential 
minerals from RRUFF, we were able to detect the presence of the following minerals because 
their bands match the bands of some of the Raman spectra of Allende. Figures 3-4 shows the 
Raman spectra from different Allende spots along with the Raman spectra of detected minerals. 
Table 3-2 lists the minerals detected in Allende along with their peak positions and 




Figure 3 - 7 Raman spectra of minerals detected in Allende compared with those of minerals 
 
Mineral Minerals peaks (cm-1) 
Allende 633nm peaks 
(cm-1) 
Allende 532nm peaks 
(cm-1) 
Olivine 633nm 238, 292, 814, 840  NA, 283, 813, 837 
Graphite 1350, 1582  1336, 1589 
Diamond 785nm 1333  1328 
Ringwoodite 532nm 795-834  813-837 
 





Four minerals were detected in Allende. Like NWA852, olivine was present almost in all 
spectra from Allende. We already discussed the significance of olivine and diamond in section 
3.2.2. Although we discussed extensively the significance of the presence of graphite in 
Murchison, we will discuss it further here in light of previous studies. We also discuss the 
significance of finding ringwoodite and what it reveals about the violent past of this meteorite.  
3.3.2.1 Ringwoodite Mg2SiO4 
Ringwoodite is a polymorph of olivine and is formed at high temperature and pressure. 
For example, it is found in Earth's mantle at depth between 400km to 650km. Its presence in 
meteorites is a clear evidence that the meteorite has undergone extreme events of high 
temperature and pressure. It is unclear whether Ringwoodite was formed due to some violent 
events in the remote past of Allende or to its impact with Earth in February 8, 1969, or both.  
In 2003, a recent paper by Baziotis et al31 examined some ringwoodite grains in the 
Martian meteorite Tissint and discussed the relation between the size of the grains and the 
conditions of the impact. The larges grain observed was ~ 75 × 140 μm2. The study concluded 
that the large size of ringwoodite in Tissint meteorite indicates that shock metamorphism was 
widely dispersed in the sample and estimated that the meteorite underwent ~25 GPa pressure and 
~2,000 °C temperature during its impact with Earth. 
In light of this study, we can predict the pressure and temperature of Allende impact if we 
are able to examine the sizes of some ringwoodite grains in the sample. 
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3.3.2.2 Graphite and Carbon modification in Allende 
 Unlike Murchison, all of the Raman spectra of Allende were characterized by a strong D 
peak followed by a smaller G peak. The ratio D/G for all Allende spectra was greater than 1.1 
(Figure.) We can thus conclude that the graphite in Allende is “glassy carbon” and that the grains 
have “cauliflowers” morphology. 
 




3.4 Summary  
We can summarize our findings in the following points (Table 5) and (Table 6): 
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Cristobalite 
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Olivine 785nm   
Ringwoodite 
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Property NWA852 Murchison Allende 
Evidence for bio-
organics 
Yes. magnetite and 
pyrite 
Yes: magnetite Absent 
History Presolar Presolar Presolar 
Temperature  800 C < T < 1360 C NA ~ 2000 C 
Shock and pressure P < 32 GPa  P < 32 GPa  P ~ 25 GPa  







Heterogeneity High Medium Low 
Parent body 
Aqueous alteration and 
metamorphism 




Table 6 Summary of results 
 
- The presence of pyrite and magnetite in NWA852 and magnetite only in Murchison is an 
evidence for the possibility of bio-organics. 
- The presence of diamond in the three meteorites confirm that they were formed from the 
condensation of presolar dust in the accretion disk of early solar system. 
- The combination of high-temperature minerals: olivine, enstatite, cristobalite and 
chromite in NWA852 confirm that the meteorite was exposed to high temperature greater 
than 800C and less than 1360. 
- The presence of lizardite in NWA852 and the absence of morprhous substances confirm 
that the meteorite has experienced pressure < 23 GPa and impact velocity < 1.08 km/s 
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- The presence of ringwoodite in Allende confirm that the meteorite has experienced high 
pressure ~ 25 GPa and temperature about 2000 C. 
- The ratio of the D and G peaks of graphite in Murchison and Allende confirm that the 
grains of Murchison have “cauliflower-onion” morphology and the grans of Allende have 
“cauliflower” morphology. 
- Variation was present in NWA852 and Murchison, but was almost absent in Allende. We 










CHAPTER 4: FURTHER STUDIES 
4.1 Using microscopic images to study physical features 
 Acquiring microscopic images of distinctive features that correlate with our findings 
from Micro-Raman spectroscopy is a promising approach to further proof our findings. 
4.1.1 Features classification 
Using microscopic images, we aim to classify each chondrite in terms of its: 
 Petrologic type (1, 2, 3, 4, 5, 6) 
 Chondrules size  
 Chondrules type (IA, IB, IAB, IIs, IIA, IIB). 
4.1.2 Shock classification 
To learn about the impact processes that the chondrite experienced during its violent history, 
we will study its breccias under the microscope. Breccias are fragmental rocks composed of 
angular clasts of varying sizes and shapes. By studying the breccias, we will: 
 aim to determine the frequency and strength of impacts and collisions 
 aim to identify space weathering such as nano-phase iron, iron carbides, and organics 
 determine the shock degree using tabulated classification  
4.1.3 Past conditions identification 
Using microscopic images, we can: 
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 aim to detect physical features that form under thermal metamorphism such as feldspar 
materials and sharp edges of chondrules. 
 aim to detect physical features that form under aqueous alteration such as fluid veins. 





 Overall, the aim of our research was to utilize Micro-Raman spectroscopy techniques in 
identifying constituents of meteoritic materials. We used Micro-Raman spectroscopy with two 
different excitations: from HeNe 633 nm laser and Nd:YAG 532 nm to analyze three 
carbonaceous chondrite materials: NWA852, Murchison and Allende. We acquired the Raman 
spectra using two different spectral resolutions and excitation wavelengths to reduce the effect of 
fluorescence and to confirm our findings. 
We were able to identify the presence of 9 minerals in NWA852, 3 minerals in 
Murchison and 4 minerals in Allende. Using previous studies of the physical conditions of 
minerals in astrophysical conditions, we concluded that: 
- There is a possibility that NWA852 and Murchison had bio-organics. We also   
- All of the three meteorites were formed before the formation of the sun 
- NWA852 was exposed to temperature between 800C and 1360C. 
- NWA852 and Murchison have experience pressure less than 32 GPa or impact velocity 
greater than 1.08 km/s 
- Due to the detection of high-temperature polymorphs, Allende has experienced 
temperature that reaches ~2000C and a pressure ~ 25GPa. 
- NWA852 has “cauliflower-onion” grain morphology and Allende has “cauliflower” 
morphology. 
- NWA852 has the highest degree of heterogeneity followed by Murchison and finally 
Allende which hardly showed any variations.  
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Further analysis are still needed further confirm these findings and come up with more 
precise results. We will utilize microscopic techniques to study the physical features of the 
samples and correlate them with our Raman spectra in aim to learn more about the constituents 
and history of these meteoritic materials, and consequently to learn more about the ancient 
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